Stacking order has strong influence on the coupling between the two layers of twisted bilayer graphene (BLG), which in turn determines its physical properties. Here, we report the investigation of the interlayer coupling of the epitaxially grown singlecrystal 30° twisted BLG on Cu(111) at the atomic scale. The stacking order and morphology of BLG is controlled by a rationally designed two-step growth process, that is, the thermodynamically controlled nucleation and kinetically controlled growth. The crystal structure of the 30°-twisted bilayer graphene (30°-tBLG) is determined to have the quasicrystal like symmetry. The electronic properties and interlayer coupling of the 30-tBLG is investigated using scanning tunneling microscopy (STM) and spectroscopy (STS). The energy-dependent local density of states (DOS) with in-situ electrostatic doping shows that the electronic states in two graphene layers are decoupled near the Dirac point. A linear dispersion originated from the constituent graphene monolayers is discovered with doubled degeneracy.
The electronic structure of graphene can be engineered by layer numbers and the stacking orders. [1] [2] [3] The twist angle (θ) between the layers of BLG determines the degree of interlayer coupling, and has a crucial role in its electronic properties. ABstacked bilayer graphene (θ = 0°) exhibits a parabolic band structure 1, 4 with tunable bandgap under vertical electric fields. 2, 5 For the BLG with small twist angles (θ ≤ 5°), the Dirac band structures change dramatically owing to strong interlayer coupling. 6, 7 Specifically, when the twist angle is close to the magic angle (θ ≈ 1.1°), 8 the band structures near Fermi energy become flat, 9 further leading to the unconventional superconductors in the BLG superlattices. 10 Even at relatively large twist angles (θ ≥ 5°), the interlayer coupling between the two monolayers of BLG introduces band hybridization away from the Dirac point, 11 leading to the formation of van Hove singularities (VHSs). 12, 13 In particular, the 30°-tBLG (θ = 30°) has the largest interlayer twist angle, and is regarded as a quasicrystal with 12-fold rotational symmetry. 14 Recently , the 30°-tBLG has been successfully synthesized on SiC(0001) surface, 15 Pt(111) substrate, 16 and Ni-Cu gradient alloy. 17 Anomalous interlayer coupling with quasi-periodicity 15 was observed with angle resolved photoelectron spectroscopy (ARPES). Multiple replicas of the original 12 Dirac cones appeared and were explained with generalifzed Umklapp scattering. 16 These works point to the possible interlayer interaction in the incommensurate 30°-tBLG, which has previously been shown to be minimal in transport and ARPES measurements of large-angle twisted (although not exactly at 30°) BLG, due to the strong mismatch of crystal momenta in the two layers. 18, 19 We note that the electronic structures of the 30°-tBLG are acquired directly on the growth substrates by ARPES in these pioneer works. 15, 16 This cannot avoid the influence of the substrates, which could have strong interaction with the 30°-tBLG overlayer.
Moreover, the reported growth methods of the 30°-tBLG are complicate and not convenient for transferring it onto other substrates, hindering the study of the intrinsic properties of 30°-tBLG and the applications. Hence, it is highly necessary to grow the 30°-tBLG in an efficient manner, and investigate its intrinsic electronic properties and interlayer coupling by precluding the effect of the substrates.
Here, we report the epitaxial growth of BLG with exclusive 0° and 30° twist angles on Cu(111) by chemical vapor deposition (CVD) and investigate their interlayer coupling at the atomic scale. The stacking order and morphology of the BLG are precisely tailored by the thermodynamics-controlled nucleation process and the kinetics-controlled growth process. The crystal structure of the 30°-tBLG is identified by extensive characterizations including low energy electron diffraction (LEED), scanning transmission electron microscopy (STEM), and selected area electron diffraction (SAED). Then, the 30°-tBLG flakes are transferred onto a flat hexagonal boron nitride (hBN) substrate, and the atomic configuration and electronic structure are investigated by STM and STS. With in-situ electrostatic doping induced by the back-gate voltage, we quantitatively show that DOS of the 30°-tBLG can be seen as a sum of two decoupled graphene monolayers and the linear electron dispersion relation retains, indicating the decoupled interlayer interaction near the Dirac point.
RESULTS AND DISCUSSION
Cu(111) was chosen as the template for the growth of BLG because of the wellestablished epitaxial relationship between graphene and Cu(111). [20] [21] [22] Here, a two-step process is designed to control the stacking order and morphology of graphene layers with exclusive 0° and 30° orientation related to the copper (Cu) lattice (Figure 1a ).
During the nucleation process, the orientation of graphene on Cu(111) is thermodynamically determined by the graphene/Cu step interface. [23] [24] [25] The zigzag (ZZ) and armchair (AC) edges of graphene can efficiently saturate the Cu step atoms on Cu(111) and have the largest binding energy (Figure 1a , top inset). [23] [24] [25] [26] At the same time with the first layer graphene growth, carbon atoms can diffuse underneath the graphene edge to initiate the nucleation of second layer graphene on Cu(111), with preferred 0° and 30° orientations related to the Cu lattice. During the growth process, the AC edges of graphene grow much faster than the ZZ edges due to less needed carbon radicals to nucleate each atomic row (Figure 1a , bottom inset). 27, 28 According to the kinetic Wulff construction of crystal growth, the faster growing AC edges will disappear, and finally all the single-crystal graphene flakes will grow as regular hexagons terminated by ZZ edges. 27, 28 After several nucleation and growth cycles, trilayer and even multilayer graphene with precisely controlled stacking order and morphology can be obtained (Figure 1a , middle inset).
Experimentally, large-area Cu(111) foils obtained by long-time annealing of polycrystalline Cu foils 20 were used as the growth substrates ( Figure S1 ). The scanning electron microscopy (SEM) image of graphene grown on Cu(111) shows that the all the graphene flakes are with regular hexagonal shapes ( Figure S2 ).
Monolayer, bilayer and multilayer regions are clearly visible with shrinking dimensions. With photoelectron emission microscopy (PEEM) imaging ( Figure 1b and c), two types of bilayer regions can be identified. The first one has the inner hexagon oriented in the same direction as the outer hexagon ( Figure 1b) , and the second one has the inner hexagon rotated by ~ 30° (Figure 1c ). To identify the microscopic orientation and stacking order of the flakes, micro-LEED (-LEED) 29 was used. For the first type, the bilayer region exhibits only a set of 6 diffraction spots 6 that is identical to the monolayer region ( Figure 1b ), confirming the AB stacking order. In contrast, for the second type, the diffraction pattern of the bilayer region has 12 spots, 15 which can be regarded as a combination of two sets of 6-fold patterns that is rotated by 30° ( Figure 1c ). The up and bottom layers of the 30°-tBLG can be distinguished from the -LEED pattern because the intensity of the upper layer (blue circles in Figure 1c ) is larger than the bottom layer (pink circles in Figure 1c ). The -LEED results also prove that the smaller graphene layer is beneath the larger layer.
Apart from the BLG, trilayer graphene (TLG) were also characterized with exclusive 0° and 30° orientations ( Figure S3 ).
The layer number and stacking order of over 1000 graphene domains are statistically shown in Figure 1d and Table S1 . For the monolayer graphene (MLG), ~ 98% of them align with the Cu(111) lattice with 0° rotation; for the BLG, the AB stacking and 30° twisting have almost the same probability; for the TLG, the stacking orders can be 0°-0°-0°, 0°-0°-30°, 0°-30°-0°, and 0°-30°-30°, with the probability near 2:1:1:2. One of the merits of graphene grown on Cu foils lies in the feasibility of isolating it from the growth substrates, benefiting the investigation of the intrinsic properties by precluding the effect of substrates. In Figure 1e , we showed that the graphene islands can be transferred onto SiO 2 /Si substrates without damaging or folding. Due to the good optical contrast of graphene on SiO 2 /Si substrates, the alignment of graphene layers can be easily identified with an optical microscope (OM), without the complication with advanced microscopy techniques such as PEEM.
To further reveal the crystal structure, the BLG samples were transferred onto a TEM grid by a polymer-free transfer method 30 for TEM and SAED investigation.
Here, high angle annual dark field STEM (HAADF-STEM) was carried out thanks to its excellent contrast and spatial resolution in the characterization of graphene. 31, 32 STEM was operated at 60 kV to avoid the damage of graphene by electron beam. 33 Apart from the crystal structure identification, the electron energy loss spectroscopy (EELS) in aberration-corrected STEM (AC-STEM) is an efficient tool to probe the electronic structures of graphene. 34, 35 As shown in Figure 2f , compared with the AB-stacked BLG, an additional energy loss peak appears in the vicinity of π dispersion for the 30°-tBLG. This low energy excitation derives from VHSs in the DOS induced by the interlayer coupling in the 30°-tBLG, 12, 13, 34 which is consistent with the optical absorption in twisted BLG. 26, 35 The 30°-BLG is an energetically unfavorable incommensurate structure, and is stabilized by the crystal lattice of the Cu(111) substrate during growth. Hence, it is necessary to clarify its thermal stability without substrate restriction. Here, the in-situ heating experiments of the 30°-BLG freestanding on a TEM grid was carried out ( Figure S5) . Surprisingly, the 30°-BLG kept the same diffraction pattern with temperature ramping up to 700 °C, indicating that the quasicrystal 30°-BLG is stable even without the substrate restriction.
ARPES has been used to study the global band structure of 30°-tBLG on the growth substrates of SiC and Pt. 15, 16 Here, STM was carried out to study the electronic properties at the atomic level. hBN has proven to provide an atomically flat and clean substrate, which helps to reveal the intrinsic properties of graphene with minimal disturbance of the substrates. 36 30°-tBLG was transferred to hBN flakes exfoliated on a silicon (Si) wafer (Figure 3a ). Both the bilayer and monolayer regions of the BLG flake have overlaps with the hBN. Then, electron beam lithography (EBL) and metal deposition were used to fabricate the device for STM study (Figure 3b ).
Metal electrode surrounding the 30°-tBLG area facilitated the sample locating in the STM chamber and protected the tip from crash. With the highly doped Si as a back gate, the Fermi level in the 30°-tBLG can be electrostatically tuned, which is crucial for a quantitative determination of the DOS at different energies and the coupling between the two layers, as described later.
After the device was fabricated, atomic force microscope (AFM) was used to check the surface of the 30°-tBLG on hBN (Figure 3c ). Although there were some bubbles and wrinkles on the surface, many large flat areas were available for the STM measurement. Some monolayer area was also exposed for a comparison with the 30°-tBLG (marked with white dashed line in Figure 3c ).
The STM study was performed at 4.5 K under ultrahigh vacuum, and high quality scans can be obtained thanks to the ultraflat hBN substrate. The atomically resolved topography of the 30°-tBLG is uniform in large-area ( Figure 3d ), and shows a clear triangular lattice, as indicated by the zoom-in scan (Figure 3d, inset) . Although the real-space STM topographies appear to be similar to those of normal AB-stacked BLG, 37 fast Fourier transform (FFT) reveals the hidden structures (Figure 3e) , which is drastically different from those of AB-stacked BLG. 38 The 12 spots in the outer circle can be assigned to the graphene lattice, with the measured lattice constant of ~ 0.24 nm. 37 However, unlike the TEM diffraction of the 30°-tBLG with equal scattering strength (Figure 2d However, if we filter out the atomic lattice points and only use the 12 Moiré pattern points to perform the inverse Fourier transform, a topography image closely resembles that of the STEM image ( Figure 2c ) and a dodecagonal quasicrystal is obtained (Figure 3f ).
With the understanding of the topography features, we turn to probe the DOS and interlayer coupling in 30°-tBLG using STS. Figure 4a shows a typical dI/dV spectroscopy curve of 30°-tBLG. Similar to the spectroscopy data of AB-stacked BLG, 39 An extra numerical differentiation of the dI/dV data is taken to enhance the visibility of the Dirac point, which is fitted with the white line ( Figure S6 ). When is swept from negative to positive, the 30°-tBLG becomes electron doped and the Dirac point shifts to negative bias voltage as expected. In the case of AB-stacked BLG, 39 the Dirac point shifts linearly with due to its parabolic dispersion relation. Here for the 30°-tBLG, it is evident that the Dirac point shifts nonlinearly with , indicating the very different electronic structures of different stacking orders.
The energy of Dirac points at different was extracted and plotted in Figure   4c . Assuming a linear dispersion in the 30°-tBLG, the data can be nicely fitted with the following function, 41
where ℏ is the Plank constant, e is the electron charge, is the Fermi velocity, is the capacitance between back gate and sample, 0 is back gate voltage at which the Dirac point is at the Fermi level, and is the degeneracy of 30°-tBLG. Slightly different Fermi velocities at the electron side and hole side were obtained to be 0.92  10 6 m/s and 0.88  10 6 m/s, respectively, reflecting the moderate electron-hole asymmetry. 42, 43 These values are very close to that of monolayer graphene, as previously reported. 41, 44 Interestingly, the degeneracy factor in the 30°-tBLG is determined to be 8, while is 4 in monolayer graphene and accounts for the spin and valley degeneracy. 45 This extra double degeneracy can be traced back to the two layers. If the 30°-tBLG does not modify the band structure of each constituent monolayer graphene, the Fermi velocities will remain the same and only the DOS doubles. These results clearly reveal the interlayer decoupling of electronic states in the 30°-tBLG within the energy window probed here. These findings are consistent with the ARPES observations, 15 where the dispersion relation of 30°-tBLG was found to be the same as that of monolayer graphene. The atom density doubles from monolayer graphene to 30°-tBLG, so the local DOS is increased by a factor of 2.
Due to the finite density of states and insufficient screening in graphene, any external electric field will cause some displacement field between the layers and break the layer degeneracy. The fitting function described by Eq. (1) does not take this effect into account. To deal with it rigorously, we adopted a model developed by Kim et al. 46 and get a self-consistent expression between and (see Supplementary   Information , Figure S7-8 ). The new fitting procedure gives results very similar to that of Eq. (1) with slightly different Fermi velocities, indicating that the 30°-tBLG can indeed be treated as two decoupled monolayer graphene.
To verify that the electronic properties of the constituent monolayer graphene are not modified by the growth, device fabrication process and sample configuration, we performed similar spectroscopy study on the same sample where monolayer graphene is exposed. The topography of monolayer graphene on hBN is shown in Figure S9 , and the gate-tuned STS results are summarized in Figs. 4d to 4f . The single dI/dV curve (Figure 4d ) is typical of monolayer graphene on hBN, where the dip can be seen in the hole side due to the formation of second generation Dirac point. 44 We note that the 30°-tBLG does not show any dip feature in the energy window between -0.4 V to +0.4 V ( Figure S10 ). Moreover, the Fermi level is more effectively tuned by the back gate due to reduced DOS (Figure 4e ). The fitted Fermi velocities for monolayer graphene are 1.05  10 6 m/s for holes and 0.85  10 6 m/s for electrons with a degeneracy of 4 (Figure 4f ), consistent with previous reports. 44 These results corroborate the conclusion we made about the interlayer decoupling in 30°-tBLG.
To compare the DOS of 30°-tBLG and AB stacked bilayer graphene in our experiment, we also fabricated devices with AB-stacked bilayer graphene grown on the same copper foil of the 30°-tBLG. Indeed, the Dirac point shift linearly with the back gate voltage (Figure 4g-i) and an effective mass of 0.034 free-electron mass is obtained. This comparison directly reflects the important effects of stacking orders on the electronic structures.
Previous transport study of randomly twisted bilayer graphene indicated that the quantum Hall voltage in this system could be regarded as a combination of two monolayer graphene. 47 ARPES measurements of exactly 30º -tBLG indicated the strong scattering of the electron waves between the layers . 15, 16 Our results provide the direct local DOS measurement and especially their response to external gating, which add to the understanding of the electronic structure in 30°-tBLG.
CONCLUSIONS
We have successfully synthesized high quality 30°-tBLG on Cu(111) by a rationally designed two-step process, and identified its crystal structure with LEED and TEM.
The 30°-tBLG was transferred onto flat hBN substrates, and STM and STS were carried out to study its topography and electronic properties at the atomic level. The interlayer electronic state of the 30°-tBLG was found to be decoupled, as indicated by the measurement of the energy-dependent local DOS with in-situ electrostatic doping.
A linear dispersion originated from the constituent graphene monolayers is discovered with doubled degeneracy originating from the two layers. Recent theoretical calculation predicted modified band structure at higher energies (> 1 eV). 48 Although these higher-energy features may be important for some optical processes, most of the physical properties in this system such as transport phenomena and so on depend mainly on the electronic dispersion near the Dirac point, which is probed in this study.
Our work not only proposed a facile route for controlled growth of 30° twisted bilayer graphene, but also provided insights of the electronic properties and interlayer coupling in this intriguing system. 
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